Abstract: Thirty-eight trees from Alaska's Kenai Peninsula and 39 from the interior near Fairbanks (Delta Junction) were sampled by detailed stem dissections to determine the impact of tomentosus root disease [Inonotus tomentosus (Fr.: Fr.) S. Teng] on growth and decay volume in spruce, with and without the influence of past spruce beetle activity in stands. Disease severity was assessed by the number of primary roots (out of four) infected and by the average proportion of root cross-section area colonized by stain and (or) decay. Butt rot volumes were positively related to disease severity at both locations, but only the Delta Junction trees showed a significant negative relationship between relative volume increment and disease severity. Substantial mortality of spruce, caused by the spruce beetle (Dendroctonus rufipennis (Kirby)), has occurred on the Kenai Peninsula since the late 1970s. Mortality of overstory spruce trees released surviving trees from competition, causing compensatory growth in healthy to moderately infected trees, which masked the effect of the root disease. We found that the magnitude of growth release was negatively related to disease severity and that the mean proportion of root cross-section with decay or stain was a better estimator of disease impact on tree growth.
Introduction
Tomentosus root disease, caused by the pathogen Inonotus tomentosus (Fr.: Fr.) S. Teng, results in root and butt rot of several coniferous species throughout the boreal and subboreal forests of North America. In south-central Alaska, this root pathogen can infect several species of spruce, including white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana (Mill.) B.S.P.), and Lutz spruce (Picea ×lutzii Little). Spread of the disease is primarily by root-to-root contact (Lewis and Hansen 1991a; Lewis et al. 1992 ), but it is suggested that new disease centers are frequently initiated by basidiospores (Lewis and Hansen 1991b; Gibson and Lewis 2004) . Tomentosus root disease typically occurs in small clumps, often two or three trees in size, which gradually coalesce into larger areas of dead and infected trees in various stages of decline. Root decay pathogens can reduce volume yields in four ways: mortality, windthrow, butt cull, 2 and growth reductions. At the stand level, mortality and windthrow due to root diseases are most conspicuous and easily measured (Froelich et al. 1977; Whitney 1977) . Butt cull and growth reductions are more difficult to measure because of lack of external indicators, yet studies have shown that these reductions in volume can be substantial for a number of root pathogens, including Heterobasidion annosum (Fr.) Bref. (Froelich et al. 1977; Bendz-Hellgren and Stenlid 1997) , Phellinus weirii (Murrill) R.L. Gilbertson (Thies 1983; Bloomberg and Reynolds 1985; Bloomberg and Hall 1986) , Armillaria ostoyae (Romagnesi) Herink (Mallett and Volney 1999; Cruikshank 2003) , and I. tomentosus (Whitney and MacDonald 1985; Lewis 1997) . Further, it has been shown that butt cull and growth reduction losses are linked to the levels of infection within the root system (Froelich et al. 1977; Whitney and MacDonald 1985; Bloomberg and Hall 1986; Bloomberg and Morrison 1989; Lewis 1997) . These studies have employed various measures of disease severity including some that require extensive root excavation and sampling (Bloomberg and Hall 1986) or felling and measurement of the proportion of decay on the stump surface (Whitney and MacDonald 1985) . If volume losses due to butt cull and growth reduction are to be incorporated into assessments of site productivity and expected volumes, an easily measured variable of disease severity that correlates well with decay volumes and growth decline must be identified. Disease progress and impacts on growth rates and butt rot vary by fungal species because of differences in rate of spread and mode of action (Cherubini et al. 2002) . Therefore, measures of disease severity and their relationship to growth reduction and butt cull will also vary by species. For aggressive root disease fungi, such as Phellinus weirii, studies on yield loss have compared healthy trees with infected trees (Thies 1983) or trees in infection centres with trees surrounding infection centres (Bloomberg and Reynolds 1985) , without attempting to quantify disease severity.
In relation to other root pathogens, such as Armillaria ostoyae and Phellinus weirii, I. tomentosus is not an aggressive root pathogen. Trees infected by I. tomentosus show a gradual decline relative to uninfected trees. The fungus can directly penetrate the bark of small roots (<4 cm diameter), but not that of larger roots with thicker bark. The fungus grows proximally from smaller to larger roots, initially colonizing the central portion. As the disease progresses, the tree gradually loses vigour, and the fungus moves from the centre outwards to the sapwood (Lewis et al. 1992) . Foliar symptoms occur only after extensive disease development and are unreliable indicators of disease severity. Lewis (1997) assessed disease severity based on the number of roots infected, even though roots could vary in extent of colonization and their ability to function. In that study, most of the volume lost was due to butt cull. Whitney (1993) also quantified volume losses in Ontario to butt cull from tomentosus root disease and found that 13.8% of gross merchantable volume was lost on average in plots where root disease affected 56% of the trees. Lewis (1997) also found that reductions in tree growth were only statistically significant in the last 10-to 15-year period. Similarly, Merler (1984) found a significant reduction in basal area increment only for the last 5-year growth period.
In addition to the problems with quantifying disease severity and subsequent impacts on yield, growth rates are affected by site conditions, canopy position, and stand disturbances, making it difficult to estimate volume lost to disease. This is particularly true for disturbance agents, such as bark beetles, which cause selective mortality and substantially alter growing conditions of surviving trees (Veblen et al. 1991) .
Root disease interacts with bark beetles, by predisposing trees to attack (Tkacz and Schmitz 1986; Goheen and Hansen 1993; Lewis and Lindgren 2002) . However, little is known about the influence of selective removal of host trees by beetles on disease development and impacts in trees that survive the beetle outbreak.
Tomentosus root disease is known to occur in the spruce forests of south-central Alaska (Lewis and Trummer 2000) , where it can affect up to 15% of the spruce in those forests. Some forests, mainly on the Kenai Peninsula, have also been subjected to an outbreak of spruce beetle (Dendroctonus rufipennis (Kirby)) over the past several decades. However, the effects of the cold climate, short growing season, and large-scale stand disturbance caused by a spruce beetle outbreak on root disease development and subsequent loss of tree volume were unknown. The purpose of this study was to determine the impact of tomentosus root disease on growth and butt rot of spruce in south-central Alaska with and without the influence of overstory mortality by spruce beetle. Specific objectives of this study were to (i) assess a proportional method of quantifying disease severity compared with the number of roots infected; (ii) determine the relationship between disease severity and growth and volume reductions; and (iii) determine how this relationship is affected by spruce beetle infestation.
Materials and methods

Site and sample tree selection
Two study areas in south-central Alaska were selected using the following criteria: (i) spruce-dominated forests with uniform stand and site conditions; (ii) located within areas considered operable for timber harvest, but not previously harvested; (iii) show evidence of an outbreak of spruce beetle in the last two decades or no evidence of an outbreak in the past two decades; and (iv) greater than 10% of spruce trees were infected with I. tomentosus within the sampling area.
Kenai Peninsula study area
Forests of the Kenai Peninsula are dominated by Lutz spruce, black spruce, and hardwoods including aspen (Populus tremuloides Michx.) and paper birch (Betula papyrifera Marsh.) (Reynolds 1990; Gallant et al. 1995; Spencer et al. 2002) . Spruce beetles have caused substantial mortality during the past 20 years (USDA Forest Service 2002).
Two sites, approximately 120 km apart, were sampled on the Kenai Peninsula: Juneau Creek and Falls Creek (see Table 1 , Fig. 1 ). These sites were within the Cook Inlet ecoregion and in an area grading into the Chugach -St. Elias Mountains ecoregion. This area is generally free of permafrost and is influenced by both maritime and continental climate (Gallant et al. 1995) . Spruce beetle outbreaks in south-central Alaska limited site and tree selection because of extensive mortality of spruce and subsequent harvest operations. Spruce beetles have killed a substantial proportion of spruce trees within the study area, particularly trees in larger diameter classes.
Delta Junction study area
Located 150 km southeast of Fairbanks (Fig. 1) , this study area is influenced by a continental climate and is dominated by white spruce, black spruce, or a mix of both species. Other tree species present include paper birch and trembling aspen (Gallant et al. 1995) . The forests in the study area have not had a significant spruce beetle outbreak in recent history (USDA Forest Service 2002).
Sampling
To collect stand-level information, five 50-m 2 plots 100 m apart were systematically established in each study site along a transect line. All trees in the plots were tallied by species and dbh (at 1.3 m) to collect information on species composition, stem density, and basal area.
Trees sampled for volume analysis were selected based on three criteria: (i) live trees; (ii) to obtain at least five trees in each category of root infection; and (iii) representative of the diameter-class distribution of live and beetle-killed trees. Candidate sample trees were located by walking systematically through the sample area and using aboveground symptoms of root disease to identify putative root disease centres. Each candidate tree was assessed for root disease infection and severity by root sampling. Four primary roots from each sample tree were exposed, and a cut extending to the centre of each root was made at 30 cm from the bole. Infection by I. tomentosus was determined visually by the presence of either advanced decay or very dark pinkish brown stain in the heartwood. Trees were selected systematically until the minimum number for each root infection category was obtained. In most cases only one or two trees were sampled from each disease centre, particularly at the Kenai Peninsula area, where many of the trees were dead because of spruce beetle. For every sample tree, four primary roots were completely severed at 30 cm from the bole, and the root diameter (inside bark) and diameter of decayed or stained wood were measured (centimetres).
Trees selected for sampling were felled. Total height and merchantable stem length (from a 30 cm high stump to a 10 cm diameter top) were recorded. From each tree, 12 discs (approximately 4 cm thick) were removed from the stem for growth-ring analysis. The first two discs were always removed from stump height (0.3 m) and breast height (1.3 m). The remaining 10 discs were cut at equal distances between breast height and the height at which stem diameter equaled 10 cm. If present, the height of the butt rot column was determined by intermediate cuts between discs. The discs were packed in burlap sacks and transported to the laboratory. Discs were stored in a cool location until analyzed.
Tree-ring measurements
Discs were sanded with 50-, 80-, and 120-grit sandpaper, and diameter outside bark was measured with a diameter tape. Two pith-to-bark radii equal to half the diameter were marked on the sanded side. Discs were scanned using a flatbed scanner, and individual ring widths were measured to the nearest 0.01 mm along the two radii using WINDENDRO V6.5 (Regent Instruments 2000). When present, the smallest and largest diameters of advanced and incipient decay caused by I. tomentosus were measured for each section and averaged. The two paths on each disc were visually cross-dated, and the program COFECHA (Holmes 1983 ) was used to check for ring counting errors among breast-height discs from each study area. Ages were recorded from the breast-height discs because of the prevalence of butt rot in the sample trees.
Analysis of growth and butt cull
Two disease severity ratings were calculated. The first was a discrete variable, incidence of root infection, based on the number of primary roots infected (zero to four). The second was a continuous variable, proportion of decayed and stained root area, calculated by averaging the proportions of each root decayed (decay diameter divided by root diameter).
Total and merchantable volumes per tree were calculated by summing the section volumes. The volume of each section was determined by using the formula for a cone and cone fustrum, as appropriate. Butt cull per tree was calculated from the decay diameter and height measurements using the formulas of a cone and cone fustrum, as appropriate. Net volume was calculated as merchantable volume less butt rot volume.
Relative volume increments, defined as the volume increment for a given period expressed as a percentage of the volume at the beginning of that period, were calculated for the past 5-, 10-, 15-, and 20-year periods. To examine the trends in growth relative to healthy trees in 5-year periods, mean volume increment as a percentage of healthy tree volume increments, for each category of root infection, was plotted for the most recent 50-year period since 2000.
For the Kenai Peninsula trees, data from the two sites were combined for all analyses as a Levene's test for homogeneity of variances on stem volumes and butt rot volume showed no significant differences (p = 0.3 and 0.7, respectively).
Stem volume and butt rot volume were tested for normality using standard measures of skewness and kurtosis and probability plots, and butt rot volume was square-root transformed for analyses (Sokal and Rohlf 1995 used to test for effects of the number of roots infected on the same variables. A Tukey's test was used to separate the means by number of roots infected.
For each study area, mean tree height, age, and dbh were calculated for each level of root infection and tested for significant differences among these categories using oneway ANOVA (α = 0.05). Systat v.10 (SPSS Inc. 2000) was used for all statistical analyses.
Analysis of spruce beetle and I. tomentosus interactions on growth
We used two methods to determine whether the spruce beetle epidemic, and resultant mortality of spruce trees in the canopy, could have affected growth of surviving trees (our sample population) on the Kenai Peninsula. The first was qualitative information about the history of the beetle epidemic within and around the sample areas obtained from silviculture prescriptions, timber cruise surveys, and govern- ment reports. The second was evidence of release from competition in sample trees obtained from the tree-ring series. We assumed that growth releases due to reduced competition brought about by death of a neighbouring tree would be limited in these forests because of the relatively small size of trees, the narrow crown architecture, the open stand structure, and the harsh climate. Therefore, we used a slightly lower release criterion than that developed by Newbery (2001) for spruce in sub-boreal forests of British Columbia. In our study, the release criterion was defined as a 50% increase in the mean ring width when means for consecutive groups of 5 years were compared. These release criteria were applied to tree ring width series from both study areas, and the number of trees showing release in each category of incidence of root infection for each study area was determined. All identified release events were plotted over time, and peaks in release events were compared to documented years of high spruce mortality caused by spruce beetle.
Younger trees and (or) codominants, intermediates, and suppressed trees below the canopy are most likely to respond to overhead mortality. Therefore, from the Kenai Peninsula sample, trees ≤100 years of age were selected as a subsample (n = 19). Individual ring-widths were plotted over time, beginning immediately after the most active beetle period. Simple linear regression analysis was used to fit trend lines to each ring-width series. Regression slopes that were not significantly different from zero (p > 0.05) were recorded as zero. The individual slope parameters were plotted against the proportion of root area with stain and decay. Regression analysis was used to test whether there was a significant relationship between compensatory growth rates in spruce after beetle activity and disease severity.
Results
Thirty-eight trees were sampled from the Kenai Peninsula and thirty-nine trees from Delta Junction. Table 1 shows the species composition, density, mean dbh, and tree height for each study site.
There were no statistically significant differences in the mean age of trees grouped by the number of roots infected for either study area (Kenai Peninsula: F = 1.859, p = 0.141; Delta Junction: F = 0.65, p = 0.631). However, the Kenai Peninsula trees with one root infected were generally younger (mean = 73 years) than trees in all other categories (Table 2). Kenai Peninsula trees ranged in age from 40 to 210 years old (mean = 113.4 years), whereas trees from the interior of Alaska, without the influence of selective mortality by spruce beetle, ranged from 167 to 274 years old (mean = 255 years).
Kenai Peninsula trees with no roots infected were significantly larger in diameter than trees with two and four roots infected (p = 0.038 and 0.047, respectively), and trees with no roots infected were also significantly greater in height than trees with one root infected (p = 0.015). There was no relationship between number of infected roots and tree height or diameter in trees from Delta Junction.
Net and butt cull volumes
Mean merchantable, butt cull, and net volumes for the Kenai Peninsula and Delta Junction study areas are shown in Table 3 . There was no significant difference in merchantable or net volumes among disease severity categories for the Kenai Peninsula site (p = 0.181 and 0.073, respectively) and the Delta Junction site (p = 0.615 and 0.236, respectively). However, butt cull volumes did vary significantly with the number of roots infected at both sites (p < 0.001), with greater butt cull volumes in trees with three or four roots infected. A regression of butt cull volume on proportion of root area with stain and decay, with study area as a dummy variable, demonstrated that study area did not interact with disease severity and did not contribute significantly to the relationship (p = 0.258 and 0.278, respectively). Therefore, a single regression was derived for the combined data (Fig. 2 , R 2 = 0.464, p < 0.001). Butt cull volumes of infected trees ranged from 0% to 34% of the merchantable volumes at the Kenai Peninsula study area and up to 41% at the Delta Junction study area. Five infected trees from the Kenai Peninsula area and three from the Delta Junction area had no stain or decay apparent at the stump-height disc. All these trees had one to two roots infected.
The regression of net volume (merchantable volume less butt cull volume) on proportion of root area with stain and decay showed a significant relationship at the Kenai Peninsula site (p = 0.008, R 2 = 0.194), but not at the Delta Junction site (p = 0.054, R 2 = 0.096).
Relative growth increment
For the Kenai Peninsula study area, regression analysis between the mean relative growth increment and the proportion of root area with stain and decay for the past 5, 10, 15, and 20-year periods did not show any significant relationship (p > 0.158). Using ANOVA, with age as a covariate, no significant difference was observed between the mean relative growth increments of trees grouped by the number of roots infected. However, all but the 5-year growth period showed a significant age effect (p = 0.063, 0.021, 0.015, and 0.010 for the 5-, 10-, 15-, and 20-year periods, respectively). Although not statistically significant, in all periods the mean relative growth increment of trees with one root infected was larger than that of trees in all other groups.
For the Delta Junction study area, regression analysis indicated that mean relative growth increment was negatively related with proportion of decayed and stained root area for the 5-to 15-year periods (p = 0.014, 0.019, 0.037; R 2 = 0.154, 0.14, 0.112, respectively). However, ANOVA revealed no relationship between relative increment and number of roots infected (p > 0.05 for all periods).
Fifty-year growth relative to healthy trees
Plots of mean growth increment as a percentage of healthy trees by number of roots infected for 5-year periods (Fig. 3) outlines the trend in volume increment for the period 1950-2000. Standard errors ranged from 5.7 to 25.6 for the Kenai Peninsula sample and 11.9 to 35.5 for the Delta Junction sample. The Kenai Peninsula plot indicates that in the past 50 years, trees classified with two, three, and four roots infected had smaller growth increments relative to healthy trees in all periods. In the most recent 20-year period, growth of trees with two, three, and four roots infected have been declining. Trees with one root infected began the 50 years with much smaller growth increments relative to all other categories. These trees have continually increased in relative volume increment and have equaled or surpassed healthy trees in recent years.
The Delta Junction trees show that until about 30 years ago, infected trees had higher relative growth than healthy trees. Trees with four roots infected have shown the most significant decline relative to healthy trees over the past 40 years.
Record of spruce beetle outbreaks
Spruce beetles have repeatedly infested stands on the Kenai Peninsula since the 1950s (Holsten 1990 a result of extensive windthrow in 1974 (Holsten 1990 ). Intense bark beetle activity occurred in the Juneau Creek area in the early 1980s; timber cruise plots from 1986 indicated nearly 50% of the total spruce basal area was either dead or currently attacked (USDA Forest Service, unpublished data, 1986) . In the Falls Creek area, beetle activity was noted in the late 1980s and intensified dramatically through the 1990s, significantly reducing the total basal area of spruce (Alaska Department of Natural Resources 1993; Holsten 1990; USDA Forest Service 1998). Figure 4 shows the number of trees with a release in growth in each year since 1960. Peak years of release for the Kenai Peninsula site are around 1975-1977 and 1986-1989 , which correspond with the documented beetle outbreaks. For the Delta Junction study area, there have been no recorded outbreaks of spruce beetle in the vicinity since surveys began in 1920, although scattered infestations of Ips perturbatus Eichh. occurred in the area over the past 20 years. Figure 4 shows that only 16 growth releases were detected in Delta Junction trees, and no more than two releases were detected in any given year.
Regression of ring width over time on 19 trees ≤100 years of age from the Kenai Peninsula resulted in 13 regressions with slope parameters significantly different from zero (p < 0.05). Slopes became more negative with increasing proportion of stained and decayed root area (p = 0.015, R 2 = 0.3) (Fig. 5) .
Discussion
Site and sample tree selection were problematic in this study, as there were several constraints on where sampling could take place because of land ownership and the requirement to sample live trees infected with I. tomentosus, which tends to be patchily distributed in forested landscapes. The problem was further exacerbated at the Kenai Peninsula study area because of substantial mortality of potential sample trees by spruce beetle. As a result, trees that met the sampling criteria were not common, and in some cases, two or more trees were sampled from the same apparent disease centre. Therefore, it is possible that some of our observations lacked independence and that the statistical significance of our findings could have been exaggerated because of spatial autocorrelation. However, we believe that the seriousness of this problem is minimized in our study for several reasons. With regard to the root disease, recent work has shown that multitree genets (more than one tree infected by the same genotype of I. tomentosus) are less common than single-tree genets despite an aboveground appearance of a multitree disease centre (Gibson and Lewis 2004) . Genotypic diversity of this fungus is very high, and there can be many genotypes of the fungus within infected stands. Therefore, the probability that we sampled more than one tree colonized by the same genotype of the fungus is quite low, particularly on the Kenai Peninsula, where many trees in each disease centre were killed by spruce beetle and were not available for sampling. With regard to spruce beetle, relevant only to the Kenai Peninsula study area, the outbreak was so substantial and long in duration that any spatial structure related to host preference or other factors had been eroded over time. In fact, beetle activity in these areas since 1996 has decreased by 92% because of depletion of spruce host material (USDA Forest Service 2001). We selected sampling areas that were relatively flat and had uniform species compositions and stem densities to minimize the effect of nonrandom variation in site factors on sample tree growth.
Several studies have examined the relationship between growth rates and volume in I. tomentosus infected trees (Merler 1984; Lewis 1997; Whitney 1997) . In British Columbia, Merler (1984) suggested that there are significant growth reductions in spruce due to I. tomentosus, but the basal area increment of healthy trees was not significantly different from infected trees until the most recent 5-year period. Lewis (1997) , using detailed stem dissections, found that only severely infected trees show a significant growth reduction and that net volumes were not significantly affected until 75% of the rooting system was infected. At this level of infection it was found that 32% of the potential volume could be lost to butt cull. In Ontario, Whitney (1980) found average reductions for white spruce and black spruce trees with moderate to severe root rot were 5% and 12%, respectively, for current 5-year diameter increment. Our study had similar results in that butt cull volume varied with disease severity, as did net volume. These findings support those of Whitney (1997) , who found that the cross-sectional area of decay and stain (due to I. tomentosus) below ground was highly correlated with cross-sectional area of decay and stain at 15 and 30 cm above ground in both white spruce and black spruce. Our findings support Whitney's conclusion that measurements of decay and stain made at stump height (30 cm) can be used to estimate the amount of decay and stain in the roots without requiring extensive root excavation. However, Whitney's method relies on some evidence of decay or stain above ground, and it was shown by Lewis and Hansen (1991a) that an average of 18% of stumps colonized by I. tomentosus in the roots did not have stain or decay at a 30-cm stump height. Our study supported these findings as well, because a total of eight trees with one to two roots infected had no decay or stain present at a 30-cm stump height.
Trees from the Delta Junction area also showed a significant reduction in relative growth increment for the past 5-, 10-, and 15-year periods with increasing proportion of decayed or stained root area. However, there was no observed decline in the relative volume increment with increasing proportion of decayed or stained root area for trees from the Kenai Peninsula. Furthermore, there was no significant difference in relative volume increment between the number of roots infected at either site.
There are several explanations for these observations. First, the mean proportion of root cross-section with decay or stain is a better estimator of disease severity and impact on tree growth than the number of roots infected. Roots with a small central column of decay and roots with their entire crosssection colonized at the point of sampling were considered equivalent using the categorical rating, but the degree of functional impairment in the roots would be very different.
The lack of relationship between disease severity and periodic growth increment in the Kenai Peninsula trees could be explained by a compensatory release in growth by trees surviving the bark beetle infestation, despite infection by root disease. In comparison, the Delta Junction area had no largescale canopy mortality event, and these trees did show the expected decline in periodic growth increment with increasing disease severity.
Net volume is merchantable volume less butt cull volume. Lewis (1997) found that the total and merchantable volumes of healthy trees were significantly smaller than those of infected trees. Bendz-Hellgren and Stenlid (1997) made similar observations where trees with large dbh were most commonly infected by Heterobasidium annosum and were more likely to be infected. Bloomberg and Reynolds (1985) also found that in Douglas-fir, larger rooting systems were associated with higher rates of infection by Phellinus weirii. For root disease fungi that spread by root contacts, trees with large root systems should come into contact with inoculum more often than trees with small root systems. However, in our study the reverse was true for the Kenai Peninsula site, where healthy trees were the largest, and there was no difference in diameter and height among different numbers of roots infected for the Delta Junction site. There is emerging evidence that I. tomentosus spreads by basidiospores as well as vegetatively across root contacts (Gibson and Lewis 2004) , and it is possible that the Alaska sites were less conducive to root contact spread than had been observed in British Columbia (Lewis 1997) .
Overhead mortality at the Kenai sites may have diminished the effect of I. tomentosus by releasing resources to the remaining trees in smaller size classes and (or) understory positions. Healthy or lightly infected trees may have been best able to respond to the increase in resource availability. Healthy and lightly infected trees had larger compensatory growth responses after release than severely infected trees (Fig. 5) . This also helps to explain why the number of roots infected measure of disease severity was not successful in separating stems of spruce into broad growth-reduction classes.
Conclusions
Assessment methods for tomentosus root disease severity that account for the degree of colonization in major roots can more accurately be related with volume losses due to growth reduction and butt cull than can methods that just count roots as colonized or not. Little additional effort is required to measure the proportion of the root colonized, and much accuracy is gained in volume loss estimations.
This study found that disease severity could be used to estimate volume loss in trees that are infected with I. tomentosus and that most of the volume loss was due to decay (butt cull) in the lower portion of the stem. Decay volumes measured in this study ranged up to 41% of the total merchantable volume of severely infected trees, which is higher than what was observed in British Columbia (Lewis 1997) . Merchantable volumes of trees on both sites in Alaska are lower than those in the sub-boreal forests of British Columbia, which probably explains this difference. Growth reductions in infected trees at the Delta Junction site were evident in the most recent growth periods (up to 15 years), and the reduction in growth varied positively with disease severity. These findings correspond well with observations in British Columbia, where Lewis (1997) and Merler (1984) observed growth reduction in recent (5-to 15-year) periods. However, trees from the Kenai Peninsula site, which had been subject to substantial mortality of overstory trees by the combined activities of I. tomentosus and spruce beetle, did not show a relationship between disease severity and growth reduction. It is thought that mortality of dominant and codominant trees provided remaining infected trees with a release from competition, which enabled them to compensate for some growth losses caused by root disease. However, this compensatory effect was most evident in trees with low proportions of decayed and stained root area and declined significantly with increasing decayed and stained root area.
